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ABSTRACT
At the YUsend laboratory at York University, we have developed a solid propellant microthruster (SPT) design,
developed with conventional materials and processes with future plan for MEMS fabrication. The proposed SPT
design will be demonstrated on-board the YUsend-1 satellite. The objective will be to perform a technology
demonstration in space conditions. The YUsend-1 prototype SPT consists of 36 individual thrusters with chambers
1.5 mm in diameter and approximately 3 mm in length. The propellant is a formulation of glycidyl azide polymer
(GAP) and ammonium perchlorate (AP) with reduced viscosity for easy chamber filling. Impulse and thrust values
were determined using a ballistic pendulum for no-nozzle, sonic and supersonic nozzle configurations. Throat
diameters were approximately 600-700 µm. In all three configurations, ignition was successful. For the sonic and
supersonic nozzles, a concentrated plume was visible for a burn duration of 1.3-1.6 s resulting in pendulum
displacements of 1.2-1.8 mm. Observed thrust range was 0.15-0.28 mN which is consistent with existing SPT
designs.
INTRODUCTION

no moving parts, and provide redundancy from its array
nature. Several research groups have investigated SPT
technology in the past.4,5

Future nanosatellite missions may require specialized
propulsion systems. High accuracy attitude control and
formation maintenance for space interferometric arrays
are examples of such applications.1 Current propulsion
technologies are often too large or require too much
power to be suitable on small spacecraft. Nanosatellites
require micropropulsion systems that deliver very low
thrust values (milliNewtons) and low impulse bits
(microNewton-seconds).2 Further, the mass and size of
the system must be orders of magnitude smaller than
existing hardware.

YUsend-1 CUBESAT MISSION
York University Space Engineering Nanosatellite
Demonstration (YUsend) is a nanosatellite development
program whose goal is to provide an in-depth design
environment for students and develop the capacity to
build
nanosatellites
to
make
atmospheric
measurements.6
The first nanosatellite planned for launch, YUsend-1,
has the primary purpose of demonstrating a number of
technologies one of which is the solid propellant
microthruster. The demonstration of these technologies
will then lead to the development of future
nanosatellites with more ambitious goals. Aspects
facilitated by the micropropulsion include extending
mission lifetime, formation flying for a cluster of
nanosatellites, and possible end-of-life positioning.

A number of micropropulsion technologies are being
developed in the industry ranging from miniaturized
versions of cold gas, monopropellant, bi-propellant,
colloid, field emission, pulsed plasma, ion, solid
propellant, etc.3 Chemical thrusters, have the
disadvantage of requiring a storage tank and having
leakage concerns. Electric thrusters have the
disadvantage of requiring large amounts of drive power
as well as heavy power processing units.

The YUsend-1 satellite will be a 1U CubeSat which is a
10x10x10 cm structure with a maximum allowable
mass of 1.33 kg. The SPT is positioned in the center of
one of the CubeSat faces opposite to the camera as
shown in Figure 1.

An array of solid propellant microthrusters (SPT), on
the other hand, require low power to ignite each charge,
and are contained in a single unit with low mass and
low volume. Furthermore, SPTs have no leakage issues,
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approach to microthruster fabrication has been to use
conventional lower-cost materials such as titanium,
printed-circuit boards (PCBs) and resistive igniter wires
such as nichrome. The YUsend-1 flight version may
employ some MEMS fabricated components but as an
initial demonstration for assessment, conventional
fabrication methods have proved sufficient.

Chamber Layer
The chamber layer houses the propellant and is also
where the combustion process occurs. As a result, it
should be made from a material that has a high melting
point and a low thermal conductivity. Heat loss through
the chamber walls is a major factor in either degraded
thrust or lack of ignition. Heat loss is especially
significant at small scales due to the large surface area
to volume ratio.9 The materials used by other research
groups include silicon7 (standard etching material),
Foturan7 (photo-etchable glass) or ceramic8,10. The
approach we have taken is to use titanium which is a
proven space material that is light-weight, with low
thermal conductivity, and can be machined as shown in
Figure 3. The chamber holes were drilled using a
standard 1.5 mm heat-resistant cobalt-steel drill bit. The
thickness of this layer is approximately 1 mm. For our
prototype testing, thrusters with only a single column of
chambers were created since a full array is not
necessary.

Figure 1: Microthruster on CubeSat structure
The objective of the SPT on YUsend-1 is to perform a
technology demonstration of the thruster firing in space
conditions. Since this technology has not flown in
space, it will be an important step in validating this
technology for future, more critical, formation flying
missions. Orbit and attitude determination will be
performed before and after a thruster firing to determine
the effect on the spacecraft. Also, accelerometers may
be used to measure the thrust profile.
SOLID PROPELLANT MICROTHRUSTER
The operating principle of an SPT is the burning of a
solid energetic propellant stored in a micro-machined
chamber which releases gas that are accelerated through
a micro-machined nozzle to produce thrust. In the form
of an array as shown in Figure 2, we can produce a
number of thrusters as required for the mission
duration. Possibly, hundreds of thousands of thrusters
can be placed on a single platform. The size of the
thruster can be modified to obtain different thrust
levels. Programmable thrust levels can be accomplished
by the simultaneous or sequential firing of a number of
thrusters.

Figure 3: (a) 4x4 chamber layer (b) 4x1 chamber
layer
Igniter Layer
The igniter layer contains the resistive heating element
which when supplied current, heats up to the ignition
temperature of the propellant to begin the combustion
process. The usual approach for this layer is to deposit
doped polysilicon, which acts as a resistor, on a thin
dielectric membrane.7 This involves specialized MEMS
fabrication such as Low Pressure Chemical Vapor
Deposition (LPCVD) and Deep-Reactive Ion Etching
(DRIE). A less complex and inexpensive method is to
use a resistive wire such as nichrome.10 Figure 4 shows
a 40 gauge nichrome wire glowing “red hot” on an
igniter PCB board. The temperature of a “red hot”
object, as calculated using Wien’s displacement law, is
a minimum of approximately 500°C. This is more than

Figure 2: A matrix of 36 thrusters
A typical microthruster consists of several layers
laminated together: chamber, igniter, nozzle and seal.7
Most researchers have used MEMS technology7, cofired ceramics8, thick film technology or other methods
in the manufacturing of their microthrusters. Our initial
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adequate for our purposes since the ignition
temperature of the propellant is approximately 300°C.

Figure 6: (a) Countersink drill bit used for nozzle
creation (b) Nozzle viewed under a microscope

Figure 4: Igniter layer with Nichrome wire glowing
"red hot"

Assembly

The igniter wire is placed at the top of the chamber as
shown in Figure 5. Our testing showed that this is the
location which provides the best contact with the
propellant ensuring reliable ignition. At the same time,
it also allows proper alignment to be made between
wire and chamber walls.

The layers are laminated together using epoxy.
Stainless steel tubes of 3 mm length are placed at each
of the chamber locations as shown in Figure 7(b).
Since the chamber layer is only 1 mm, the tube
protrudes by 1 mm on both sides. This protrusion helps
to prevent epoxy from entering the chamber when
layers are sandwiched. A small amount of epoxy is
applied to keep the tubes in place.
The stainless steel tubes also act as an alignment
mechanism with the nozzle layer. The nozzles are
drilled to diameters that are larger than the chamber
holes and thus, fit on top of the cylindrical tubes.
Effectively, the two layers will “lock” into place when
they are aligned and keep the epoxy from entering the
chambers.

Figure 5: SPT schematic showing individual
thruster design
Nozzle Layer
The nozzle is a very important element in improving
the performance of the microthruster. Nozzles were
created using countersink drill bits shown in Figure
6(a). Due to the limitation of available countersink bits,
the half-angle for the nozzle was fixed at 30°. This
value is not optimal as concluded by Rossi of LAASCNRS in a study which includes derivation of the best
divergence angle and length to achieve maximum
performance.11 Future iterations of the nozzle will
incorporate the findings from this study.
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Figure 7: (a) Bag of tubes cut using a laser, in
relation to the thruster (b) Tubes inserted into
drilled holes in chamber layer
Kapton tape was used to electrically insulate the copper
wires of the heating element from the titanium chamber
layer. Moreover, when the nozzle is attached, it is in
contact with the resistive wires. To eliminate this
contact, a strip of Kapton was placed down the side
edges of the nozzles as shown in Figure 6(b).
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Figure 8 shows the completed assembly of the
prototype microthruster.
Figure 8(a) only has a
convergent nozzle and thus the holes visible are the
throats whereas Figure 8(b) has a full convergent and
divergent nozzle.

firing. Current is supplied via the supporting pendulum
wires which are thin copper wires with insulation.

Figure 8: (a) Assembled microthruster with
convergent nozzle (b) Assembled microthruster with
full nozzle

Figure 9: Ballistic pendulum thrust stand schematic

Propellant
The standard approach for the propellant is a composite
of ammonium perchlorate (AP) and hydroxylterminated polybutadiene (HTPB). This is a Class 1.3
material which has much less restrictions and is
relatively safer to handle than Class 1.1 materials which
are effectively explosives. Class 1.3 materials can be
more easily handled, stored and transported but are still
highly regulated.12 The propellant chosen for the
microthruster design is glycidyl azide polymer (GAP)
and AP composite propellant. Before it is cured, GAP
has a low viscosity which is well suited to fill the very
small chambers. The propellant and combustion gases
are non-toxic. As well, GAP is an active binder which
is more energetic than traditional binders such as
HTPB.
In order to remove trapped air-bubbles
introduced during propellant creation, it was placed in a
vacuum-oven for propellant cure.
THRUST STAND
Two options for measuring micro-thrust are a pendulum
thrust stand13,14 and a piezoelectric force sensor. For an
initial assessment of the performance values, we have
opted to use a pendulum thrust stand which was
developed by the group at DRDC-Valcartier.
The ballistic pendulum thrust stand consists of a
gondola suspended by four wires within an enclosure.
A laser interferometer is pointed to one end of the
gondola and a digital camera is positioned at the other
end where the thruster is attached. A schematic is
shown in Figure 9 and the side and top views are shown
in Figure 10. The enclosure prevents air currents from
disrupting the laser displacement measurements. The
gondola is made from very lightweight plastic in order
to allow maximum visible deflection during thruster
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Figure 10: Ballistic pendulum thrust stand (a) side
view (b) top view
The gondola is shown in Figure 11. The surface on
which the thruster is attached is not visible. Clamps on
either side can be used to reposition the thruster as
needed. During thruster firing, the desired chamber
must be in the center of the pendulum.
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Figure 12: No nozzle thruster firing
Figure 11: Pendulum gondola structure
EXPERIMENTAL RESULTS
Microthruster results were obtained for three different
configurations: no nozzle, sonic nozzle and supersonic
nozzle.
No Nozzle
This configuration shown in Figure 12 was the most
reliable to test since the resistive wire was visible and
not hidden beneath a nozzle. The flame produced
during ignition was large and extended well outside of
the thrust chamber. The burn duration was also fairly
long reaching approximately two seconds. However,
with no pressure build-up, the thrust generated was the
smallest of the three configurations tested.

Figure 13: Sonic nozzle thruster firing

Sonic Nozzle
The sonic nozzle shown in Figure 13 helped to build
pressure within the chamber and produce a larger thrust
value. The burn duration decreased since the increased
pressure leads to a faster combustion rate. The thrust
plume was smaller and more concentrated. An
important parameter is the throat diameter, which in our
case was approximately 600-700 µm. In relation to the
chamber diameter, 1.5 mm, our throat diameters are
relatively large indicating the potential for greater thrust
values with even smaller throat sizes.

Figure 14: Supersonic nozzle thruster firing

Supersonic Nozzle

MEASUREMENT RESULTS

The supersonic nozzle shown in Figure 14 has the
added aspect of the divergent section. Ideally, this
addition should increase the speed of the exiting gas to
supersonic speeds. However, to achieve this, the nozzle
must be optimally designed with the appropriate
divergence angle and length. Due to the use of the
limited countersink drill bits, the divergence angle
achieved was 30°. As a result of this limitation the
improvement in performance was marginal.

In this section, graphs showing the pendulum
oscillations for both the oscillations caused by air
currents (termed natural oscillation) as well as the
oscillations that result due to thruster firings are
presented.
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No Nozzle
The first set of results was obtained for a thruster with
no nozzle as shown in Figure 15(a) where the right-side
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image is a magnified version of the left-side. In the
magnified graph, the orange line is the natural
oscillation and the green line is the oscillation due to
thruster firing. Three test firings were conducted with
no nozzle. Despite low thrust values, the nozzleless
tests confirmed ignition and sustained combustion.

      

The second set of tests was conducted with the sonic
nozzle thrusters as shown in Figure 15(b). These tests
provided large displacement measurement values. The
thruster oscillation is significantly greater than the
natural oscillation. These set of tests demonstrated the
effects of the nozzle and further successful firings.

An important consideration for the horizontal
displacement value is the natural oscillation of the
pendulum caused by air currents. The amplitude of this
natural oscillation must be subtracted from the
oscillation caused by the thruster firing. It should be
noted that the natural oscillation curve was measured
before the thruster firing.

Supersonic Nozzle
The final set of tests was with supersonic nozzles as
shown in Figure 15(c). Despite the non-optimal nozzle
design, some further improvement in thrust was
observed.

Once the impulse value is calculated, we can obtain the
thrust using the definition of impulse which is the force
integrated over the thrust duration or burn time   ,

PERFORMANCE VALUES
Important performance parameters of a microthruster
are impulse bit and thrust force. We can calculate the
impulse bit by first using the conservation of linear
momentum.13
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CONCLUSION
Based on the test of the prototype microthruster, we
observed a thrust range of 0.15 mN to 0.28 mN. Typical
microthruster designs provide a thrust level of
approximately 1 mN and thus our results are consistent
with existing SPT designs.

(3)

where  is the length of the pendulum. Substituting
equation (3) into (2) and then (2) into (1), we obtain the
expression for calculating thruster impulse from easily
measurable quantities,
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(6)

By measuring the burn time from the videos, we can
calculate thrust force. All values have been reported in
Table 1.

Since the maximum height is difficult to measure, the
maximum horizontal displacement (
) is measured
instead and the two values are related via the following
equation,


(5)

Since using a pendulum type thrust stand, it is not
possible to obtain a thrust profile at each point in time,
we are interested in obtaining the average thrust over
the duration. To obtain a thrust profile, one would need
to use piezoelectric force sensors and in that instance,
we would be performing the opposite calculations
going from force to impulse. However, for this case, the
equation simply becomes

where  is the impulse generated by the thruster
firing,
is the mass of the pendulum (structure and
is the maximum velocity of the
thruster) and
pendulum immediately after the impulse. This
maximum velocity is related to the maximum height
( ) reached by the pendulum using the conservation
of energy,
  

(4)

By measuring the amplitude of the resulting thruster
oscillation and inputting into (4), we can obtain the
impulse bit of a single thruster firing. When measuring
the displacement, we only consider the first peak which
provides the necessary information in terms of
maximum horizontal displacement.

Sonic Nozzle

 





 

The pendulum thrust stand was useful in proving the
concept of the microthruster design for YUsend-1.
Optimizing the nozzle design should improve the thrust
performance. In the next round of thrust tests, we
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Figure 15: Laser displacement results (zoomed-in on right side)
(a) no nozzle (b) sonic nozzle (c) supersonic nozzle
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Table 1: Microthruster performance values from experimental tests
Nozzle type

No nozzle

Sonic nozzle

Supersonic
nozzle

Thruster

Mass (kg)

Natural
Oscillation
Displacement
(mm)

Thruster
Displacement
(mm)

Net
displacement
(mm)

9.51E-05

Burn
Duration
(s)
1.8

Thrust (N)

A1-2

0.08559

0.075

0.6

0.525

A1-3

0.08559

0.125

0.1875

0.0625

1.13E-05

1.9

5.96E-06

A1-4

0.08636

0.275

0.525

0.25

4.57E-05

1.9

2.40E-05

5.28E-05

B1-1

0.08797

0.1

1.55

1.45

2.70E-04

1.6

1.69E-04

B1-4

0.0875

0.2

1.4

1.2

2.22E-04

1.5

1.48E-04

C1-2

0.09421

0.15

1.6

1.45

2.89E-04

1.3

2.22E-04

C1-3

0.09421

0.1

1.9

1.8

3.59E-04

1.3

2.76E-04

intend to utilize a piezoelectric force sensor to improve
the precision of the thrust measurement.

7.

Rossi, C. et al., “Solid Propellant Microthrusters
on Silicon: Design, Modeling, Fabrication, and
Testing,” Journal of Microelectromechanical
Systems, vol. 15, No. 6, pp. 1805-1815,
December 2006.

8.

Zhang, K.L. et al., “Development of a lowtemperature co-fired ceramic solid propellant
microthruster,” Journal of Micromechanics and
Microengineering, vol. 15, No. 5, pp. 944-952,
May 2005.

9.

Mirels, H., “Effect of Wall on Impulse of Solid
Propellant Driven Millimeter-Scale Thrusters,”
AIAA Journal, vol. 37, No. 12, pp. 1617-1624,
December 1999.

10.

Wu, X. et al., “Design, Fabrication and
Characterization of a Solid Propellant MicroThruster,” Proceedings of the 2009 4th IEEE
International Conference on Nano/Micro
Engineered and Molecular Systems, Shenzhen,
China, January 2009.

Acknowledgements
The authors thank Chritian Watters, Marc Legare,
Martin Bilodeau and Stephane Mailhot for their work in
constructing the ballistic pendulum thrust stand and
helping obtain the thrust results. The authors would also
like to thank the DRDC-Valcartier facility for hosting
the thruster testing.
References
1.

Impulse
(Ns)

Younger, D.W. et al., “MEMS Mega-pixel
Micro-thruster Arrays for Small Satellite
Stationkeeping,” Proceedings of the 14th
AIAA/USU Small Satellite Conference, North
Logan, UT, August 2000.

2.

Larangot, B. et al., “Solid Propellant
MicroThruster: an alternative propulsion device
for
nanosatellite,”
Aerospace
Energetic
Equipment, Avignon, France, 2002.

3.

Rossi, C., “Micropropulsion for Space – A
Survey of MEMS-based Micro Thrusters and
their Solid Propellant Technology,” Sensors
Update, vol. 10, No. 1, pp. 257-292, February
2002.

11.

Rossi, C. et al., “Design, fabrication and
modelling of MEMS-based microthrusters for
space application,” Smart Materials and
Structures, vol. 10, No. 6, pp. 1156-1162,
November 2001.

4.

Lewis, D.H. et al., “Digital MicroPropulsion,”
Sensors and Actuators A: Physical, vol. 80, No.
2, pp. 143-154, March 2000.

12.

“Explosives Regulations”, Minister of Justice,
Canada.

13.

Lugini, C. and M. Romano, “A ballisticpendulum test stand to characterize small coldgas thruster nozzles,” Acta Astronautica, vol. 64,
No. 5-6, pp. 615-625, March 2009.

14.

Tanaka, S. et al., “MEMS-Based Solid Propellant
Rocket Array Thruster with Electrical
Feedthroughs,” Proceedings of the 23rd
International Symposium on Space Technology
and Science, vol. 46, No. 151, pp. 47-51, 2003.

5.

6.

Rossi, C. et al., “Final characterizations of
MEMS-based pyrotechnical microthrusters,”
Sensors and Actuators A: Physical, vol. 121, No.
2, pp. 508-514, June 2005.
Lee, R., “York University Space Engineering
Nanosatellite Demonstration YUsend-1 Mission
Description,” Internal Document, 2010.

Sathiyanathan, et al.

8

24th Annual AIAA/USU
Conference on Small Satellites

